A MIMO antenna composed by microstrip line-fed circular slot antenna is proposed. This antenna is used in ultra-wideband microwave imaging systems aimed for early breast cancer detection. The antenna is designed to operate across the ultra-wideband frequency band in the air. The mutual coupling between the antenna elements has been investigated to be low enough for MIMO medical imaging applications. Both the simulation and measurement results are shown to illustrate the performances of the proposed antenna.
Introduction
Breast cancer is one of the most common types of cancer and a major cause of death among women. However, a high percentage of the cases can be cured if they are detected in time. An important tool for detection is the mammogram, which exploits the differences between the scattering cross-section of normal and malignant tissues to X-rays. But this technique presents important limitations [1] . Recently, an alternative approach is to use microwave imaging, which has the potential advantages of low cost, improved safety, and greater availability [2, 3] . The working principle of microwave imaging techniques is based on the dielectric contrast between the malignant tumor tissues and the healthy ones [4] . In these techniques the tumor is identified from the processing of the scattered signals collected at the antennas. Several approaches can be found in the literatures. However techniques based on ultra-wideband signals have recently woken up a great deal of interest [5] [6] [7] . MIMO technique is also applied to this application [8] . In [9] , an electrically switched array transmits and receives an ultra-wideband signal. Measurements are time aligned to estimate the return in a particular volumetric pixel. In [10] , ultra-wideband MIMO concepts applied to tumor detection are explicitly addressed.
In this paper a novel ultra-wideband MIMO antenna is designed with this goal in mind. It can provide ultra-wideband characteristic, covering 2.3 GHz-12.2 GHz. This ultrawideband characteristic is obtained by loading a rectangular patch to circular slot antenna. Two elements of such antennas are used for MIMO applications. The proposed structure obtains low mutual coupling and envelope correlation due to the orthogonal polarization.
Antenna Structure and Mechanism
As we know, wide slot antennas have received more attention due to their ultra-wideband characteristic. They are very popular for volume-limited and wideband applications. The structure of the proposed UWB MIMO antenna is shown in Figure 1 . This antenna is printed on a FR-4 substrate with relative permittivity 4. The fed line with width W line to match 50 Ω and the radius of the circular patch is R a . The two identical antenna elements are connected with no spacing between them. The detailed antenna dimensions are listed in Table 1 . According to Babinet's theory, the slot antenna can be solved through analyzing its complementary antenna. So the circular slot in this paper can be seen as equivalent to a disk monopole antenna which is already studied [11, 12] . The circular slot antenna has wideband characteristic covering from 6 to 10 GHz. And the rectangular patch in the slot greatly impacts the impedance bandwidth characteristics of the antenna. widens the frequency band. Figure 3 shows the return loss of the antenna with and without rectangular patch. Thus the proposed antenna has ultra-wideband characteristic. Compared with the traditional antenna parameters, such as gain, radiation pattern, and reflection coefficients, new parameters and aspects have to be included in the design for MIMO systems. Mutual coupling between antenna elements is a key factor to achieve high antenna performance in the MIMO antenna configuration. For a low mutual coupling, antennas must be far away from each other. But the space for the internal antenna is not enough to obtain low correlation and mutual coupling. In this paper we present a structure for the MIMO antenna elements, in which the identical two antenna elements are orthogonally placed. Then the two antenna elements have orthogonal polarization which can reduce the mutual coupling between the two antennas. Figure 4 shows the simulated 3D radiation patterns of the two antenna elements. It can be seen that the two antenna elements have orthogonal polarizations.
Simulation and Measurement Results
Both the simulation and measurement are carried out to verify the above analysis. The proposed structure is simulated in HFSS and measured in an anechoic chamber. The fabricated proposed UWB MIMO antenna is shown in Figure 5 . The detailed dimensions can be found in Table 1 . Figure 6 shows the simulated and measured return loss, which agree well. The measured 10 dB return loss bandwidths are from 2.3 GHz to 12.2 GHz, which covers an ultra-wideband. The mutual coupling between the two ports is less than −15 dB across the common bandwidth, as shown in Figure 7 . Figures 8 and 9 show the radiation patterns of the antenna 1 and the antenna 2 at 3 GHz, 6 GHz, and 8 GHz at E-plane and H-plane, respectively. The antenna 1 has bidirectional vertically polarized patterns, and the antenna 2 generates horizontally polarized radiations. Thus the proposed antenna is more attractive for ultra-wideband MIMO application for breast tumor detection.
Parameter Study
For the purpose of optimized performance, parametric studies of the dimensions of the antenna structure are carried out. First, we analyze the length of the rectangular patch in the slot. As shown in Figure 10 , when the length equals 8 mm, the lower frequency band is bad. And when the length is 10 mm, the impedance matching is good over the whole band. When the length is 12 mm, even though its lower frequency band is better than 10 mm, the middle frequency band is worse. Thus the 10 mm is the best length.
Second, we analyze the radius of the microstrip circular patch. The radius varied from 4 mm, 5 mm, to 6 mm while other parameters are fixed. As shown in Figure 11 , when the radius is 4 mm, the return loss at 5 GHz-6 GHz and 9 GHz-11 GHz is bad. When the radius is 5 mm, the impedance matching is good. When the radius equals 6 mm, the return loss gets worse. Thus, the radius is 5 mm in the proposed antenna.
The isolation between two polarizations will be affected by the dimension of spacing. In principle, the larger of the spacing, the lower of the mutual coupling will be obtained. In this paper the spacing of the two antenna elements is zero which means that the grounds of the two antenna elements are connected without any gap and the mutual coupling is lower than −15 dB over the entire band so there is no need to increase the gap between the two antenna elements.
Conclusion
In this paper a design of ultra-wideband MIMO antenna for breast tumor detection has been proposed and implemented. Simulated and measured results showed that the antenna can cover from 2.3 GHz to 12.2 GHz and has high isolation. The proposed antenna will provide better performance to detect breast tumor.
